Introduction {#Sec1}
============

Aluminium salts, such as aluminium chlorohydrate that has been introduced in the market since 1947, are the active ingredients of antiperspirant in underarm and bodycare cosmetics applied to the underarm and breast area \[[@CR1]\]. The effects of widespread, long-term and increasing use of aluminium salts in these cosmetics remain unknown. Aluminium is known to have a genotoxic profile, capable of causing both DNA alterations and epigenetic effects, and this could be consistent with a potential role in breast cancer \[[@CR2]\]. Results reported in a recent research demonstrate that aluminium in the form of aluminium chloride or aluminium chlorohydrate can interfere with the function of oestrogen receptors of MCF7 human breast cancer cells, both in terms of ligand binding and in terms of oestrogen-regulated reporter gene expression \[[@CR3]\]. This adds aluminium to the increasing list of metals capable of interfering with oestrogen action and termed metalloestrogens \[[@CR4]\]. The use of aluminium antiperspirants has also been linked with increased risk of Alzheimer's disease due to the possible systemic accumulation of aluminium; however this hypothesis remains controversial \[[@CR5]--[@CR7]\].

Although much research has been undertaken into the antiperspirant properties of a number of aluminium salts, very little of this work is focused upon the quantification of these products in cosmetic formulations. Given that the toxicity of aluminium has been widely recognized, reducing the concentration of this metal in antiperspirants is a matter of urgency and there is a real need to set up analytical methods to quantitate aluminium salts in underarm cosmetics.

Hyphenated techniques by combining various chromatographic techniques with atomic spectrometry/mass spectrometry are the most efficient for the determination of aluminium in human body fluids \[[@CR8], [@CR9]\]. Recently, high-performance liquid chromatography interfaced to flame atomic spectrometry (HPLC--FAAS) \[[@CR10]\] and a post-column derivatization procedure with 4,5-dihydroxy-1,3 benzene disulfonic acid disodium salt \[[@CR11]\] have been used to quantify aluminium fluoride complexes in groundwater samples. Several high-performance liquid chromatography methods have been reported for the analysis of aluminium in various matrixes (aqueous, serum and wine samples), the majority of which include pre-column derivatization with lumogallion \[[@CR12]--[@CR14]\], morin \[[@CR15]\], quercetin \[[@CR16]\], *N*-*o*-vanillidine-2-amino-p-cresol \[[@CR17]\] and 8-hydroxyquinoline \[[@CR18], [@CR19]\]. Flow and sequential injection methods have been reported for the spectrofluorimetric determination of aluminium in pharmaceutical formulations using chromotropic acid as chromogenic reagent \[[@CR20]\]. Recently, the binding sites of quercetin with the Al^3+^ ion have been identified using solid-state NMR \[[@CR21]\].

To the best of our knowledge, no methodology has been described in the literature to quantify aluminium salts in cosmetics. Thus, the principal aim of this work was to optimize and validate an analytical procedure for the quantitative determination of aluminium chlorohydrate in antiperspirant cream samples based on a pre-column derivatization procedure using quercetin, 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxychromen-4-one, as the derivatization reagent. The method is the first reported application and could be used for routine analysis of antiperspirant creams containing aluminium chlorohydrate, as it complies well with the validation requirements in the cosmetic industries \[[@CR22]\].

Experimental {#Sec2}
============

Materials and Reagents {#Sec3}
----------------------

All solvents were of HPLC grade and were purchased from Merck (Darmstadt, Germany). Trifluoroacetic acid and ammonium acetate of analytical reagent grade were obtained from Merck (Darmstadt, Germany). Water was deionized and further purified by means of a Milli-Q Plus Water Purification System, Millipore Ltd. Aluminium chlorohydrate solution 50 % (w/w) and quercetin were purchased from Sigma-Aldrich (Steinheim, Germany).

Cosmetic antiperspirant creams containing 11, 13 and 16 % (w/w) aluminium chlorohydrate were produced in the Department of Aesthetics and Cosmetology of the Technological Educational Institution of Athens, Greece. The excipients present in creams were: distarch phosphate, allantoin, ceteareth-12, ceteareth-20, glyceryl stearate, cetyl alcohol, octyl stearate, dimethicone, triethyl citrate, methyl paraben, ethyl paraben, propyl paraben, cyclomethicone, PPG-25-laureth-25, parfum and aqua.

Instrumentation {#Sec4}
---------------

The chromatographic equipment used consisted of a Spectra Series P100 isocratic pump (SP ThermoSeparation, UK) and a Rheodyne Model 7725i injector (Rheodyne California, CA, USA) with a 20 μL loop. The detection was performed using a Waters 486 UV--Vis detector (Waters, Milford, MA, USA) operated at 415 nm. Data acquisition and analysis were performed using Empower software (Waters, Milford, MA, USA).

All glassware containers were carefully treated with 2.0 M nitric acid for more than 48 h and rinsed with water.

Liquid Chromatographic Conditions {#Sec5}
---------------------------------

Chromatography was performed at ambient conditions on an XTerraMS C18 reversed HPLC analytical column (150.0 × 3.0 mm i.d., 5 μm particle size), Waters (Milford, MA, USA). The mobile phase consisted of acetonitrile: water (15:85, v/v) containing 0.08 % trifluoroacetic acid. It was filtered through a 0.45 μm nylon-membrane filter, GelmanSciences (Northampton, UK), and degassed under vacuum prior to use. A flow rate of 0.30 mL min^−1^ with a column inlet pressure of 1,450 psi was used to separate the excess of quercetin from the aluminium--quercetin complex. Chromatography was performed at 25 ± 2 °C with a chromatographic run time of \<7.0 min.

Stock and Working Standard Solutions {#Sec6}
------------------------------------

Stock standard solution of aluminium chlorohydrate, containing 875.0 μg mL^−1^ aluminium, was prepared by appropriate dilution of the aluminium chlorohydrate solution 50 % (w/w) in water. Stock standard solution of the reagent, quercetin, 500.0 μg mL^−1^, was prepared by dissolving the appropriate amount of the compound in methanol. These solutions were stored in the dark under refrigeration and were found to be stable for a period of 4 weeks.

A working standard solution of aluminium chlorohydrate, containing 43.75 μg mL^−1^ of aluminium, was prepared by subsequent dilution of the above-mentioned stock standard solution in water. The working standard solution was freshly prepared every week and stored in the dark at 4 °C.

Calibration Spiked Cream Samples and Quality Control Sample Preparation {#Sec7}
-----------------------------------------------------------------------

Calibration spiked cream samples were freshly prepared every working day at the concentration levels of 3.7, 4.4, 6.6, 10.9, 15.3, 17.1, 19.7, 26.2 and 30.6 μg mL^−1^ for aluminium by addition of the appropriate aliquot of the above-mentioned working standard solution of the analyte to 25 mg of placebo cream samples. Quality control (QC) samples were prepared independently, in an analogous manner as the calibration spiked cream samples, using separate stock standard solution of the analyte. QC samples were prepared in placebo cream at three concentration levels (4.4, 17.1 and 30.6 μg mL^−1^) for aluminium.

Sample Preparation and Derivatization Procedure {#Sec8}
-----------------------------------------------

Extraction, cleanup and derivatization procedures for cream samples were carried out according to the following steps. Exactly, 25 mg of cream sample was transferred into a 20 mL volumetric flask with 2 mL of acetonitrile and diluted to volume with HCl 0.01 M. The mixture is shaken for 2 min and a 2 mL portion of this solution is centrifuged at 18,000×*g* for 20 min. In 1 mL of the aqueous phase (bottom layer) 500 μL of*tert*-butyl methyl ether is added and the mixture is vigorously mixed on a vortex mixer for 2 min and centrifuged at 18,000×*g* for 15 min. The organic layer is discarded and 100 μL aliquot of this solution is treated with 500 μL of 1.0 M ammonium acetate--acetic acid buffer (pH 4.5) and 1.0 mL of a 500.0 μg mL^−1^ quercetin solution. The solution is vigorously mixed on a vortex mixer for 1 min and diluted to 10.0 mL with a mixture of acetonitrile--methanol (10:90, v/v). A 20 μL aliquot is then injected into the chromatographic system.

Validation Procedure {#Sec9}
--------------------

To evaluate the linearity of the proposed method, the calibration spiked cream samples were prepared and analysed in duplicate on three different analytical runs. Quantitation was performed using the peak area of aluminium--quercetin complex. QC samples were processed in five replicates at each concentration (4.4, 17.1 and 30.6 μg mL^−1^) for five different analytical runs to evaluate the intra- and inter-assay accuracy and precision.

The standard addition method was used to evaluate the effect of the excipients on the determination of aluminium chlorohydrate. Thus, six equal amounts of cream samples equivalent to 0.350 mg of aluminium chlorohydrate (0.044 mg of aluminium) were spiked with different amounts of the working standard solution of the analyte. The spiked cream samples were then analysed as mentioned in the assay procedure.

Results and Discussion {#Sec10}
======================

Optimization of the Pre-Column Reaction Procedure {#Sec11}
-------------------------------------------------

Quercetin (Fig. [1](#Fig1){ref-type="fig"}) possesses two possible chelating sites, 3-hydroxy-4-oxo and 5-hydroxy-4-oxo systems. Literature survey reveals that aluminium is bonded to 3-hydroxy-4-oxo system and forms predominantly a 1:1 complex with quercetin. There is no evidence that 3,4 dihydroxyflavone forms a complex in acid solution \[[@CR16], [@CR23]\]. The applicability of quercetin as chromogenic reagent for the analysis of aluminium in antiperspirant creams containing aluminium chlorohydrate was thoroughly investigated. In every step of the optimization procedure all the contributing factors but one remain constant and the optimized value is used for the next experiment.Fig. 1Chemical structure of quercetin

The effect of the stoichiometric ratio of quercetin:aluminium, M/M on the peak area signal of quercetin--aluminium complex was examined over the range of 5:1--300:1 M/M. The results indicated that once the molar proportion of quercetin:aluminium exceeds 20:1 M/M, the peak area of the complex does not significantly increase, remains constant up to 200:1 (Fig. [2](#Fig2){ref-type="fig"}a), and covers the range of the calibration curve.Fig. 2Optimization of the derivatization reaction. **a** Plots of the signal of the quercetin--aluminium complex versus the stoichiometric ratio of quercetin:aluminium, M/M, **b** plots of the signal of the quercetin--aluminium complex versus the concentration of ammonium acetate (mM) in the reaction medium and **c** plots of the signal of the signal of the aluminium--quercetin complex versus the pH value of the reaction medium

The effects of the concentration (0.5--3.0 M) and pH (3.0--6.5) of the ammonium acetate--acetic acid buffer solution that was used as the reaction solvent were also investigated. The complex formation reached the maximum reaction yield in 1.0 M ammonium acetate--acetic acid buffer solution, whereas further increases in the concentration of ammonium acetate decreased the peak area of the complex (Fig. [2](#Fig2){ref-type="fig"}b). Also, the pH of the buffer solution is a critical factor for the complex formation. The maximum reaction yield was achieved at pH 4.5, whereas at pH values greater than 5.5 the signal decreased rapidly (Fig. [2](#Fig2){ref-type="fig"}c). This effect can be attributed to the fact that under acidic aqueous solutions, the aluminium ion exists mainly as Al^3+^ and an increase in pH results in the formation of complexes of aluminium with hydroxide and finally the formation of insoluble aluminium hydroxide at neutral pH. The optimum conditions were the following: ratio of quercetin:aluminium greater than 20:1, M/M in 1.0 M ammonium acetate--acetic acid buffer solution pH 4.5. The complex was found to be stable for 80 min prior to the injection into the HPLC system, which is adequate time for the chromatography.

Optimization of Chromatographic Conditions {#Sec12}
------------------------------------------

Chromatography was performed using an XTerra MS C18 (150.0 × 3.0 mm i.d., 5 μm particle size) column, while chromatographic conditions were optimized to separate quercetin--aluminium complex from the excess of quercetin and the cream matrix excipients. Methanol and acetonitrile were tried as organic modifiers in the mobile phase in combination with water. In the present study, acetonitrile was preferred to methanol as it gave better peak shape. It was found that an increase in the content of acetonitrile as organic modifier in the mobile phase could improve peak shape, whereas an increase in water content broadened the peak. An increase in the retention of the complex is observed with increasing trifluoroacetic acid from 0.02 to 0.12 % (v/v) and improved peak shape. Thus, a mobile phase consisting of 15 % acetonitrile in water containing 0.08 % trifluoroacetic acid was used as the optimum. Each chromatographic run was completed within 7.0 min.

The selectivity of the proposed chromatographic procedure is illustrated in Fig. [3](#Fig3){ref-type="fig"} with a representative HPLC chromatogram obtained from the analysis of a placebo cream sample without the addition of aluminium chlorohydrate (Fig. [3](#Fig3){ref-type="fig"}a) along with a calibration spiked cream sample containing 19.7 μg mL^−1^ of aluminium (Fig. [3](#Fig3){ref-type="fig"}b) and a chromatogram obtained from the analysis of a cream sample containing 17.00 μg mL^−1^ aluminium (Fig. [3](#Fig3){ref-type="fig"}c). Under the current chromatographic conditions, complete separation among the aluminium--quercetin complex and the excipients is achieved and the complex is eluted at 6.07 min.Fig. 3**a** Representative RP-HPLC chromatograms obtained from the analysis of**a** a blank cream matrix sample. **b** A calibration spiked cream sample containing 19.7 μg mL^−1^ aluminium and **c** a cream sample containing 17.0 μg mL^−1^ aluminium. Chromatographic conditions: RP-HPLC on an XTerraMS C18 analytical column; mobile phase: acetonitrile:water (15:85, v/v) containing 0.08 % trifluoroacetic acid; flow rate 0.30 mL min^−1^ and a UV detector at 415 nm

Statistical Analysis of Data {#Sec13}
----------------------------

Calibration spiked cream samples of aluminium chlorohydrate were analysed in triplicate in three analytical runs for the calibration procedure. Linear relationships between the peak area signals of aluminium--quercetin complex and the corresponding concentrations of aluminium were observed as shown by the results presented in Table [1](#Tab1){ref-type="table"}; the correlation coefficient was greater than 0.997. Back-calculated concentrations in the calibration curves were \<3.4 % of the nominal, which are in agreement with international guidelines. The insignificance of intercepts that was proven by a Student's *t* test indicates that there is no effect from the cream's excipients.Table 1Analytical concentration parameters of the calibration equations for the determination of aluminium, by pre-column derivatization HPLC methodMediumConcentration range (μg mL^−1^)Regression equation^a^*r* ^b^Standard deviation slope intercept*S* ~r~^c^*α*/*S* ~α~^d^Water samples Run13.7--30.6*S* ~Al~ = 10301 × *C* ~Al~ + 24660.9981773,1522,1261.27Spiked cream samples Run 13.7--30.6*S* ~Al~ = 9750 × *C* ~Al~ + 20920.9981983,6512,7800.57 Run 23.7--30.6*S* ~Al~ = 9762 × *C* ~Al~ + 680.9981192,2032,8840.03 Run 33.7--30.6*S* ~Al~ = 9756 × *C* ~Al~ − 16590.9971192,1882,8650.76Mean of three calibration curves over a period of 1 month Spiked cream samples3.7--30.6*S* ~Al~ = 9756 × C~Al~ + 167[\>]{.ul}0.9976.11,877[\<]{.ul}2,780[\<]{.ul}0.76^a^Peak area signal of aluminium, *S* ~Al~, versus the corresponding concentration of aluminium, *C* ~Al~^b^Correlation coefficient^c^Standard error of the estimate^d^Theoretical value of *t* at *P* = 0.05 and *f* = *n* − 2 = 6 df, 2.45

The limit of detection, LOD, and the limit of quantification, LOQ, for aluminium were determined according to the definitions of ICH Topic Q2B \[[@CR22]\]. In particular, the LOD was calculated using the equation LOD = 3.3 × *S*a/*b*, and it was found to be at the level of 1.24 μg mL^−1^ while the limit of quantification, LOQ, was attained using the equation LOQ = 10 × *S*a/*b* (where *b* is the slope and *S*a is the standard deviation of the intercept, a, of the regression line) and it was found to be at the level of 3.74 μg mL^−1^.

One-way analysis of variance was used to evaluate the intra- and inter-assay precision. Results presented in Table [2](#Tab2){ref-type="table"} indicate that intra-assay relative standard deviation values, %RSD, were between 0.8 and 3.7 % for the analyte, while the inter-assay %RSD was no more than 5.5 %. The overall assay was assessed by % recovery which ranged from 96 to 101 %.Table 2Accuracy and precision evaluation of quality control samples for aluminium (*n* = 5 runs, five replicates per run)CompoundConcentration (μg mL^−1^)Aluminium added concentration4.417.130.6Run 1 (mean ± SD)4.18 ± 0.1517.06 ± 0.1130.28 ± 0.31Run 2 (mean ± SD)4.08 ± 0.2517.41 ± 0.2330.38 ± 0.25Run 3 (mean ± SD)4.22 ± 0.0817.32 ± 0.1330.36 ± 0.29Run 4 (mean ± SD)4.24 ± 0.1317.39 ± 0.1130.48 ± 0.19Run 5 (mean ± SD)4.38 ± 0.1117.34 ± 0.1730.51 ± 0.23Overall mean4.2217.3130.40Intra-assay RSD (%)^a^3.70.90.8Inter-assay RSD (%)^a^5.51.80.5% Recovery^b^9610199^a^Coefficient of variation; intra- and inter-assay RSDs were calculated by ANOVA^b^% Recovery = \[(overall mean assayed concentration × 100)/(added concentration)\]

A number of organic solvents such as hexane, diethyl ether and ethyl acetate were tested for the liquid extraction procedure and led to poor recoveries.*Tert*-butyl methyl ether was finally chosen as the optimum extraction solvent. The recovery of the extraction procedure was evaluated by comparing the slope of the regression equation obtained from the analysis of calibration spiked cream samples over the slope of the regression equation obtained from the analysis of calibration samples prepared in water solution and analysed immediately without sample preparation procedure (Table [1](#Tab1){ref-type="table"}). The data, under the optimum extraction conditions, indicate a recovery of 95 % for aluminium.

To verify the robustness of the method, small deliberate variations were introduced around the optimal conditions and the influence of these variations in the retention time, capacity factor, tailing factor and concentration of aluminium in cream samples was thoroughly investigated. The parameters selected to examine were the percentages of acetonitrile and trifluoroacetic acid in the mobile phase and the wavelength of UV detection. Replicate injections (*n* = 3) of a cream sample containing 11 % w/w aluminium chlorohydrate and processed according to the sample preparation procedure were performed under small changes of the aforementioned parameters. The evaluation of the method robustness (Tables [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"}) indicates that there is no significant difference in the measured responses after small variations of the selected parameters.Table 3Robustness evaluation of the pre-column derivatization HPLC method for the determination of aluminium chlorohydrate in antiperspirant creamsChromatographic changesMeasured responsesParameters^a^*t* ~r~^b^*k*′^c^*T* ^d^Concentration of aluminium chlorohydrate % (w/w)A wavelength of UV detection (414--420 nm) Mean (%RSD)5.07 (0.4)1.31 (0.8)1.23 (0.3)11.3 (2.5)B % trifluoroacetic acid in the mobile phase (0.75--0.85 % v/v) Mean (%RSD)5.14 (0.9)1.29 (1.7)1.28(0.5)11.4 (3.3)C % of acetonitrile in the mobile phase (69--71 % v/v) Mean (%RSD)5.12 (2.1)1.32 (3.4)1.24 (0.7)11.5 (3.5)^a^Three parameters (A, B and C) were slightly changed at three levels (1, 0, −1); each time a parameter was changed from level (0), the others remained at level (0)^b^retention time^c^capacity factor^d^tailing factorTable 4Quantification of aluminium chlorohydrate in antiperspirant creams by a pre-column derivatization HPLC methodLot no.% Label claim in aluminium chlorohydrateExperimental aluminium chlorohydrate concentration/100 mg cream mean value ± SD (*n*=10)% Recovery% *E* ~r~111 10.6 ± 0.696 ± 5−3.2213 12.7 ± 0.597 ± 4−2.6316 15.4 ± 0.696 ± 4−3.9

Application of the Method to the Analysis of Real Samples {#Sec14}
---------------------------------------------------------

The proposed method was evaluated in the assay of three different lots of antiperspirant creams containing 11, 13 and 16 % (w/w) of aluminium chlorohydrate, and the percent label claims for aluminium chlorohydrate were found to be 97 ± 5, 97 ± 4 and 96 ± 4, respectively.

To further assess the specificity of the proposed method, recovery studies were also performed by spiking cream samples with known and different amounts of aluminium chlorohydrate. The regression line of the instrumental response versus the added concentration of aluminium is plotted and the negative intercept on the concentration axis (*x*-axis) corresponds to the concentration of the analyte in the cream sample. This value is given by the ratio of the intercept and the slope of the regression line \[[@CR24]\], which were found to be 36,890 ± 7,817 and 17,853 ± 423, respectively. The label claim for aluminium chlorohydrate using the standard addition method was found to be 10.4 % w/w.

Conclusions {#Sec15}
===========

Aluminium chlorohydrate is the active ingredient of antiperspirant in underarm and bodycare cosmetics applied to the underarm and breast area. No methodology has been previously described to quantitate aluminium chlorohydrate in antiperspirant creams. The proposed pre-column derivatization HPLC method using quercetin as chromogenic reagent was evaluated over the linearity, precision, accuracy and specificity and proved to be convenient and effective for the determination of aluminium chlorohydrate in creams.
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